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Abstract
Enteroaggregative Escherichia coli (EAEC) is characterized by the expression of the
aggregative adherence pattern to cultured epithelial cells. In this study, we
determined the phenotypic and genotypic relationships among 86 EAEC strains
of human and animal (calves, piglets and horses) feces. Serotypes and the presence
of EAEC virulence markers were determined, and these results were associated
with ribotyping. Strains harboring aggR (typical EAEC) of human origin were
found carrying several of the searched markers, while atypical EAEC harbored
none or a few markers. The strains of animal origin were classified as atypical
EAEC (strains lacking aggR) and harbored only irp2 or shf. Strains from humans
and animals belonged to several different serotypes, although none of them
prevailed. Sixteen ribotypes were determined, and there was no association with
virulence genes profiles or serotypes. Relationship was not found among the
strains of this study, and the assessed animals may not represent a reservoir of
human pathogenic typical EAEC.
Introduction
Enteroaggregative Escherichia coli (EAEC) is currently desig-
nated as an emerging pathogen due to its increasing
association with acute and persistent diarrhea in developing
countries, as well as with outbreaks and cases of traveler’s
diarrhea in developed countries (Nataro & Kaper, 1998;
Nataro, 2004). This E. coli pathotype is identified by the
expression of the characteristic aggregative adherence (AA)
pattern to cultured epithelial cells, which consists of bacter-
ial adherence to the cells and the intervening cell growth
surface in a stacked-brick formation (Nataro et al., 1987).
Variations in this typical AA pattern, which include bacteria
displaying AA predominantly to the epithelial cells (AAcel),
predominantly to the coverslip (AAcs) and AA pattern with
lined up bacteria have been described (Knutton et al., 1992;
Gomes et al., 1998; Gioppo et al., 2000; Sarantuya et al.,
2004).
Most EAEC strains harbor a high molecular weight
virulence plasmid (pAA), from which a fragment that is
used as a detection probe (AA probe) has been derived
(Baudry et al., 1990). Recently, it has been demonstrated
that the AA probe fragment corresponds to aatA, which is
part of a gene cluster that encodes a specific ATP-binding
cassette transporter system (Nishi et al., 2003). The pAA
contains most of the EAEC-associated virulence factors so
far described, including the AA fimbriae I, II and III (AAF/I-
III) (Nataro et al., 1992; Czeczulin et al., 1997; Bernier et al.,
2002), the enteroaggregative heat-stable toxin-1 (EAST1)
(Savarino et al., 1991), the plasmid-encoded toxin (Pet)
(Eslava et al., 1998), a novel protein involved in antiaggrega-
tion (dispersin) (Sheikh et al., 2002), and AggR, which is a
transcriptional activator of the AraC family (Nataro &
Kaper, 1998). Moreover, other chromosomal associated
virulence factors have been described in EAEC, including a
secreted mucinase (Pic) (Henderson et al., 1999) and
yersiniabactin (Irp2) (Bach et al., 2000). However, none of
these factors is present in all EAEC isolates (Nataro & Kaper,
1998; Elias et al., 2002), and this pathotype includes virulent
and nonvirulent strains as demonstrated by volunteers and
epidemiological studies (Nataro & Kaper, 1998).
Recently, a central role of the AggR activator in EAEC
pathogenesis has been demonstrated, suggesting that the
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presence of the aggR gene indicates virulent EAEC (Nish
et al., 2003; Sarantuya et al., 2004). Therefore, Nataro (2004)
has suggested the term typical EAEC for strains that harbor
the AggR regulon.
The source of EAEC human infections has been asso-
ciated with ingestion of contaminated water and foods (Itoh
et al., 1997; Adachi et al., 2002). Apparently, EAEC is also a
cause of diarrhea in animals, since the isolation of E. coli
strains displaying the AA pattern from different animal
diarrheic feces has been described (Aidar et al., 2000;
Penteado et al., 2001). However, their phenotypic and
genotypic characterization and a possible role of animals as
a reservoir for EAEC human infections have not been
investigated. Therefore, the main objective of this study was
to characterize EAEC strains from human and animal fecal
specimens in order to determine their relationships.
Materials and methods
EAEC strains
Eighty-six EAEC strains (54 from humans and 32 from
animals) isolated from feces and previously characterized by
the AA pattern to HeLa or HEp-2 cells (Gomes et al., 1998;
Aidar et al., 2000; Penteado et al., 2001) were studied. The
human strains were blindly selected from a collection of
EAEC strains originally isolated in an epidemiological study
conducted with children with acute diarrhea (cases) and
without diarrhea (controls), in the city of Sa˜o Paulo, Brazil
(Gomes et al., 1998). The reactivity with the probes for
EAEC associated virulence markers (AA probe sequence,
aggR, pet, astA, aap, aggA, aggC, aafA, aafC, shf, pic, and
irp2) was previously determined in the human strains (Elias
et al., 2002). Since there were no significant statistical
differences in the prevalence of all virulence markers
searched (Elias et al., 2002), they were analyzed altogether
concerning the case and control groups. The animal group
comprised 16 strains isolated from calves (Aidar et al.,
2000), 10 from piglets (Penteado et al., 2001) and 6 from
horses (T. A. T. Gomes and A. M. A. Liberatore, pers.
comm.). These strains were isolated from animals present-
ing diarrhea, in the city of Sa˜o Paulo and other cities of the
State of Sa˜o Paulo, Brazil. The characteristics of the AA
pattern and the reactivity with the AA probe of all strains of
this study are presented in Table 1. Strains were kept in
tryptic soy broth (TSB) with 15% glycerol at  70 1C.
Nucleic acid hybridization studies
The EAEC strains from calves, piglets and horses were
characterized for the presence of plasmid-borne (AA probe
sequence, aggA, aggC, aafA, aafC, aggR, astA, pet, aap, and
shf) and chromosomal (irp2 and pic) EAEC-associated
virulence markers, as previously described for the EAEC
strains isolated from humans (Elias et al., 2002). The genetic
probes were obtained by PCR amplification (Elias et al.,
2002) and labeled by nick translation using [a32P]dCTP.
Colony blot assays were performed under stringent condi-
tions (Maas, 1983).
Serotyping
Identification of somatic (O) and flagellar (H) antigens of
EAEC strains was performed by standard agglutination
techniques (Ewing, 1986) with O1 to O174 and H1 to H56
specific antisera. Nonmotile strains were designated as
HNM, O rough strains as OR, and nontypeable strains were
defined as ONTor HNT.
PCR typing of flagellar (fliC) gene of Escherichia
coli
Determination of flagellar (fliC) genotypes was performed
by PCR followed by analysis of HhaI digested fliC specific
PCR products as described previously (Beutin et al., 2004).
Table 1. Reactivity with the AA probe and characteristics of the AA pattern to HEp-2 cells of EAEC strains isolated from humans and animals
Source (no. of strains) AA probe reactivity (no. of strains)
AAw
3 h assay (no. of strains) 6 h assay (no. of strains)
Humans (54) Positive (34) 29 5
Negative (20) 10 10
Calves (16) Negative (16) 7 9z
Piglets (10) Negative (10) 9‰ 1
Horses (6) Negative (6) 5 1z
Total (86) 60 26
AA probe, aatA gene of a genetic cluster of the EAEC virulence plasmid encoding a putative ABC transporter complex.
wTypical aggregative adherence pattern to HEp-2 cells.
zOne strain displayed the AAcel pattern.
‰Three strains displayed the AAcel pattern.
zOne strain displayed the AAcs pattern.
AA, aggregative adherence; EAEC, enteroaggregative Escherichia coli.
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Ribotyping
The genomic DNA of all EAEC strains of this study,
including the 042 EAEC prototype strain (Czeczulin et al.,
1999), was extracted as described by Brenner et al. (1982).
Approximately 2 mg of DNA were digested with BglI and
electrophoresed in a 0.8% agarose gel. Genomic DNA of
Haemophilus influenzae biotype aegyptius (strain 3031)
digested with EcoRI was used as a reference marker. The
DNA was transferred onto a positively charged nylon
membrane (Schleicher & Schuell, Keene, NH) in a vacuum
blotting system (VacuGene XL, Pharmacia, Piscataway, NJ),
according to the manufacturer’s instructions. A cDNA probe
of 16S and 23S rRNA was prepared by reverse transcription
(Boeringer-Mannheim, Mannheim, Germany), labeled
using the digoxigenin DNA labeling and detection system
(Boeringer-Mannheinm, Germany), and used in the hybri-
dization assays following the manufacturer’s instructions.
After detection of DNA fragments that hybridized with the
16S123S cDNA probe, the banding patterns were recorded
and analyzed with Gel Compar II (Applied Maths, Sint-
Martens-Latern, Belgium) and strains presenting identical
banding patterns were grouped into the same ribotype (RT).
Genetic distance was calculated on the basis of the number
of shared bands between strains, and similarity matrices
were calculated by using the Dice coefficient (Nei & Li,
1979). Clustering was achieved by using the unweighted pair
group method with arithmetic mean (UPGMA).
Results
The combinations of the EAEC associated virulence markers
detected among the EAEC strains isolated from humans and
animals are presented in Table 2. The prevalence of the
EAEC markers among the EAEC strains of human
source were: 64.8% for aap and irp2, 62.9% for aggR,
53.7% for astA, 46.3% for pic, 42.6% for shf, 27.7% for
pet, 20.4% for aggC, 16.7% for aafC, and 14.8% for aggA
and aafA, each. Several different combinations of virulence
markers were found among the strains that hybridized with
the aggR probe fragment (typical EAEC) while the aggR
probe nonreactive strains (atypical EAEC) presented none
or a few markers. None of the EAEC strains isolated from
animals hybridized with the aggR probe fragment, therefore
they were classified as atypical EAEC, and only irp2 (in one
strain isolated from a piglet) and shf (in three strains isolated
from calves) were detected among them.
The results obtained with the serotyping of the strains
were initially analyzed without taking into consideration the
source of isolation. With regard to the O antigen, 52 strains
(60.5%) were typeable, 28 (32.6%) nontypeable (ONT)
and 6 (7%) were rough (OR). With regard to the H antigen,
58 strains (67.4%) were typeable, 5 (5.8%) nontypeable
(HNT) and 23 (26.7%) were nonmotile (HNM). Among
the O typeable strains, 30 distinct serogroups were deter-
mined without prevalence of any of them. Four strains
(three isolated from humans and one from a horse)
belonged to the classical enteropathogenic Escherichia coli
(EPEC) serogroups O26, O86 and O128 (Table 2). All HNM
and HNT strains (23 and five strains, respectively) were
submitted to PCR restriction fragment length polymorph-
ism (RFLP) characterization of the fliC gene. Among these
28 strains, only two (one strain isolated from a horse
and one from a piglet) could not have the H type deter-
mined by this molecular method. The flagellar types deter-
mined by the fliC PCR-RFLP were: H19 (5 strains); H25,
H28 and H32 (3 strains of each type); H4, H10 and
H21 (two strains of each type); and H8, H12, H26,
H30, H33, and H45 (one strain of each type). These results
were used with the serological determination of the H
antigen. Eight distinct H antigens were determined among
animal strains, 4 of them were also found among the 16 H
types of human strains. The most prevalent H antigens in
our study were H10 (12 strains), H21 (7 strains), H25
(7 strains), H19 (6 strains) and H28 (5 strains). A great
diversity of serotypes was determined and most of them
were restricted to specific groups of strains with regard to
the source of isolation. With the exception of serogroups
O9, O21 and O106, which were found in all groups of
strains regardless of the source of isolation, the strains of
human and animal sources presented distinct O groups.
However, the H types of these three O serogroups were
different. Therefore, the serotypes determined in this study
were distinct among the human and animal EAEC strains
(Table 2).
The 86 strains of this study belonged to 16 different
ribotypes, which were named A to P (Table 2 and Fig. 1).
Seven ribotypes comprised strains from both humans and
animals, five by strains from humans, and four exclusively
by animal strains. With regard to the group of strains
isolated from humans, there was no association between
ribotype and combinations of virulence markers presented
by the strains included in each ribotype, as well as the
serotypes or the source of the strain (case or control groups).
The same occurred among the strains isolated from animals.
The dendrogram generated reflected the great genetic diver-
sity of the population studied and was made up of two
clusters with a coefficient of similarity of 62% (Fig. 1).
Cluster 1 included the ribotypes C, P, J, D, O, and M and
cluster 2 comprised ribotypes B, F, K, A, E, L, H, I, G and N.
Both clusters comprised strains of human (typical and
atypical) and animal (atypical) sources displaying a great
diversity of serotypes and combinations of EAEC associated
virulence markers.
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Discussion
Several virulence factors have been described in EAEC
prototype strains, however the presence of these markers is
heterogeneous and probably this pathotype encompasses
both virulent and nonvirulent strains (Nataro & Kaper,
1998; Nataro, 2004). The terms typical and atypical EAEC
have been recently suggested to refer to enteroaggregative
adherent strains harboring and lacking aggR, respectively
(Nataro, 2004). AggR is a protein required for the expression
of some plasmid and chromosomal EAEC virulence genes
and consequently the presence of aggR indicates the pre-
sence of a group of virulence genes (Sarantuya et al., 2004).
In fact, some studies demonstrated an association of typical
EAEC with human illness (Okeke et al., 2000; Sarantuya
et al., 2004).
Although the isolation of Escherichia coli strains display-
ing the AA pattern from different animal feces has been
described (Aidar et al., 2000; Penteado et al., 2001), further
characterization of their phenotypic and genotypic traits has
Table 2. Serotypes, combinations of EAEC-associated virulence markers and ribotypes of EAEC strains isolated from humans and animals
Source SubgroupSerotype (no. of strains) Virulence markersw Ribotypes
HumansTypical O3:H2 (1), O21:H2 (1) aggR, AA probe, aap, pic, irp2 C, G
O9:H21 (1) aggR, AA probe, aap, aggA, aggC B
O16:H10z (1), O16:H18 (1), O106:H18 (2),
ONT:H28 (2), OR:H28‰ (1)
aggR, AA probe, pet, astA, aap, shf, aafA,
aafC, pic, irp2
B, E, F
O20:H30 (1), O85:H10 (2) aggR, AA probe, aap, aggA, aggC, irp2 C, D
O73:H26 (1) aggR, AA probe, pet, astA, aap, shf C
O78:H10 (2) aggR, AA probe, astA, aap, aggA, aggC, pic, irp2C
O78:H12 (1) aggR, AA probe, aap, shf, aggA, aggC, pic, irp2 C
O86:H11 (2) aggR, AA probe, aap, irp2 E
O91:H32z (1) aggR, AA probe, astA, aap, shf, pic, irp2 K
O92:H33 (1) aggR, AA probe, aap, aggC, pic, irp2 C
O99:H17 (2) aggR, AA probe, aap, shf, pic, irp2 C, D
O113:H4z (1), O113:H19z (1), ONT:H19z (4) aggR, AA probe, pet, astA, aap, shf, pic, irp2 G, J, M
ONT:H10 (1) aggR, astA, aap, aafC F
ONT:H10 (1) aggR, AA probe, aap, aggA, aggC, pic, irp2 K
ONT:H12z (2) aggR, AA probe, astA, aap, shf, aggC, pic, irp2 C, D
ONT:H17 (1) aggR, AA probe, pet, astA, aap, shf, aafA,
aafC, irp2
B
Atypical O4:H33z (1) shf M
O78:H49 (1) astA, pic B
O95:H10 (1), O99:H33 (1) astA, irp2 C
O97:H4z (1) AA probe, aap, shf, irp2 D
O99:H33 (1), ONT:H2 (1), ONT:H10 (1), ONT:H28z (1),
OR:H27 (1)
astA C, D, I, M
O102:H4 (1) irp2 B
O26:H32‰ (1), O68:H12 (1), O89:H45‰ (1), O148:H53 (1),
ONT:H10 (1), ONT:H17 (1), ONT:H19 (1), ONT:H21 (1),
ONT:H25z (1)
none B, C, D, H, N
Calves Atypical O12:H25 (1), O21:H25‰ (1), OR:H25 (1) shf M, P
O12:H25 (3), O17:H18 (1), O21:H21 (1), O93:H21 (4),
O153:H21‰ (1), ONT:H21z (1), ONT:H30z (1), ONT:H45 (1)
None A, B, E, G, N, O
Piglets Atypical O2:HNTz (1) irp2 A
O9:H11 (1), O106:H32z (1), ONT:H25z (1), ONT:H26z (1),
ONT:H27 (1), ONT:H45 (1), OR:H10z (1), OR:H28z (1), OR:H45 (1)
none A, C, D, G, L, M
Horses Atypical O2:H8z (1), O15:H35 (1), O22:HNT‰ (1), O128:H16 (1),
ONT:H2 (1), ONT:H10 (1)
none A, B, N
Typical EAEC, strains harboring aggR; Atypical EAEC, strains lacking aggR.
waggR, EAEC transcriptional activator; AA probe, aatA gene of a genetic cluster of the EAEC virulence plasmid encoding a putative ABC transporter
complex; aggA, pilin of AAF/I; aggC, usher of AAF/I; aafA, pilin of AAF/II; aafC, usher of AAF/II; astA, EAST-1 toxin; pet, Pet toxin; aap, dispersin; shf,
protein implicated in intercellular adhesion; irp2, protein involved in Yersiniabactin expression; pic, secreted mucinase Pic; These combinations of
virulence markers were determined by Elias et al. (2002).
zNonmotile (HNM) strains that had the H antigen determined by fliC PCR-restriction fragment length polymorphism (RFLP).
‰H nontypable (HNT) strains by serological assay that had the H antigen determined by fliC PCR-RFLP.
EAEC, enteroaggregative Escherichia coli.
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not been investigated. In this study we characterized EAEC
strains of human and animal fecal specimens in an attempt
to determine their relationships.
This is the first report characterizing virulence markers of
EAEC strains of animal specimens. The majority of the
strains of this group did not present any of the virulence
markers searched, only a few strains hybridized with the shf
or irp2 gene probes. Consequently, all strains of animal
source from this study were classified as atypical EAEC
(Nataro, 2004). Irp2 is involved in yersiniabactin expression
(Bach et al., 2000) and Shf is implicated in intercellular
adhesion of Staphylococcus epidermidis (Heilmann et al.,
1996), however their roles in EAEC pathogenesis have not
been demonstrated. The strains isolated from humans
selected for this study belong to a collection of EAEC strains
previously investigated for combinations of virulence factors
(Elias et al., 2002). The corresponding results of these
selected strains were included in this study in order that
comparisons could be made to the virulence characteristics
of the animal EAEC strains. As previously described, the
great diversity of EAEC virulence associated markers was
associated with the reactivity with the AA probe, and the
most prevalent EAEC markers found in these group of
strains were aap, irp2, aggR and astA (Elias et al., 2002).
Among these strains there was a good correlation with the
presence of the AA probe fragment and aggR, except for one
typical EAEC that lacked the AA probe fragment, and one
atypical EAEC that hybridized with the AA probe. Although
the heterogeneity of EAEC is well known (Elias et al., 2002;
Jiang et al., 2002; Piva et al., 2003; Sarantuya et al., 2004;
Zamboni et al., 2004), such a characteristic is not surprising
since the major EAEC virulence markers are located on
plasmids and plasmids could be spread horizontally to
different strains (Czeczulin et al., 1999). Moreover, most
virulence factors of typical EAEC may be co-travelers, since
they are under the regulation of AggR (Sarantuya et al.,
2004).
Regarding the serotyping, several strains were nontype-
able, rough or nonmotile, and none of the determined
serogroups prevailed. This seems to be a frequent character-
istic of EAEC strains (Knutton et al., 1992; Itoh et al., 1997;
Czeczulin et al., 1999; Zamboni et al., 2004). Other studies
conducted in Brazil and in other countries have also found
EAEC strains belonging to a wide range of different ser-
ogroups without the prevalence of any of them (Knutton
et al., 1992; Czeczulin et al., 1999; Piva et al., 2003; Zamboni
et al., 2004). Some strains belonged to the classical EPEC O
serogroups, but none of them presented any of the EPEC
virulence markers (data not shown). EAEC strains belong-
ing to EPEC serogroups were also described by others (Piva
et al., 2003; Zamboni et al., 2004). Some serogroups were
shared among the strains of animal and human source, but
when the H antigens of these strains were evaluated the
serotypes were distinct. The most prevalent flagellar anti-
gens found in this work were H10, H21, H25, H19 and H28,
which is in accordance with other reports (Knutton et al.,
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Fig. 1. Phylogenetic relationships of typical and atypical enteroaggregative Escherichia coli (EAEC) strains isolated from different animal sources. H,
humans; C, calves, P, piglets and Ho, horses. aTypical EAEC, strains harboring aggR. bAtypical EAEC, strains lacking aggR. cEAEC 042 prototype strain
belonged to this group of strains.
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1992; Czeczulin et al., 1999; Piva et al., 2003; Zamboni et al.,
2004). Our data corroborates with the literature indicating
that serotyping is not a useful tool for EAEC diagnosis, even
when HNM and HNT strains are typed by molecular
techniques. However, a correlation between serotype and
each group of strains was observed, although further studies
using a higher number of EAEC strains of animal sources
should be conducted in order to confirm the association.
Since the serotypes of the animal strains were distinct in
comparison to the human strains, the species investigated
may not represent a source of contamination for human
infections, at least in the region of our study.
Ribotyping analysis was performed in an attempt to
investigate a possible clonal association with either virulence
profiles, serotype or the source of strain used in this study.
Our analysis included human EAEC strains isolated from a
single epidemiological study performed in a specific geo-
graphic area (Gomes et al., 1998), as well as EAEC strains of
animals isolated in the same region of Brazil (State of Sa˜o
Paulo). The high number of ribotypes determined is in
accordance with the great genetic diversity found by other
authors using multilocus enzyme electrophoresis (MLEE)
and Pulsed-field gel electrophoresis in the characterization
of human isolated EAEC strains (Czeczulin et al., 1999;
Sarantuya et al., 2004). These results corroborate with the
fact that EAEC includes strains with distinct virulence
profiles classified on the basis of the common AA pattern.
In our study, ribotyping could not discriminate specific
clones associated with serotypes and/or virulence markers
profiles. The EAEC strains of animal source were distributed
along with the human strains, however they presented
different virulence profiles and serotypes. The dendrogram
obtained was composed of two clusters containing distinct
subgroups presenting diverse phenotypic and genotypic
characteristics, demonstrating that there was no separation
of clones with higher pathogenic potential. Jiang et al.
(2002) evaluated a dendrogram of EAEC strains isolated
from traveler’s diarrhea and found three main clusters
correlated with the country of isolation. In another study of
EAEC and diffusely adherent E. coli strains isolated from
different countries, Czeczulin et al. (1999) determined five
clusters, two of them composed mainly of EAEC strains,
comprising strains with distinct virulence profiles.
In summary, our data demonstrated that human and
animal EAEC strains are unrelated on the basis of virulence
markers and serotypes, and different virulence genes may
encode the enteroaggregative adherence in animal and hu-
man EAEC. Also, the assessed animals are not an important
reservoir of human pathogenic typical EAEC. On the other
hand, it is possible that other animal species may be the
relevant EAEC reservoir.
Based on the proposal of Nataro (2004), all strains of
animal source of this study should be considered atypical
EAEC, belonging to the subpopulation of EAEC strains
presenting less pathogenic potential. Since these strains were
also isolated from human diarrheic feces in this study,
further studies are necessary to evaluate the human and
animal pathogenicity of atypical EAEC, which may rely on
yet uncharacterized virulence factors.
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